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ABSTRACT 
The effects of three drugs I pentylenetetrazol (PTZ) I trimethadione 
(TMO) I and ethosuximide on ion movement across the isolated toad 
urinary baldder as deduced from change s in short circuit current (SCC) 
were studied I singly and in combination. 
The effects of the drugs were measured under control conditions 
(both sides of the bladder bathed by normal Ringer's solution) and experi-
mental conditions (after exposure to a high potassium Ringer's solution, 
60 mM potassiulJl, and its subsequent replacement by normal Ringer's 
solution) • 
PTZ enhanced the transient increase in bladder sec in the experi-
mental condition. 
Ethosuximide produced an increase in SCC when added to the 
normal Ringer's solution bathing either the mucosal or the serosal sur-
face of the membrane. This response to ethosuximide was different 
from that to TMO which had no effect on sec under these conditions. 
The actions of ethosuximide were attrjbuted to an increase in the 
mucosal membrane permeability to sodium and stimulation of the sodium 
pump. 
TMO and ethosuximide both depressed the SCC response of 
experimental bladders. TMO and ethosuximide partially blocked the 
normal response to PTZ. These data sugge that both TMO and 
ethosuximide decrea 
potassium. 
the permeability of the se membrane to 
viii 
INTRODUCTION 
Pentylenetetrazol (PTZ) , a chemical convulsant, is a useful 
laboratory tool for producing seizure s and for studying the antagonistic 
action of anticonvulsants in experimental animals. Many investigations 
have been concerned with the discrete mechanisms by which PTZ 
produces its effects. Lewin and Esplin (1961) demonstrated that PTZ 
enhanced synaptic recovery in the monosynaptic pathway of the spinal 
cord. Trimethadione (TMO) antagonized this effect and prolonged the 
time required for synaptic recovery (Esplin & Curto, 1957). Bircher 
et al. (1961, 1962 I 1963) reported that PTZ-induced cardiovascular 
changes (cardiac arrhythmias and an increase in blood pressure) are of 
central origin (hypothalamus and medulla from which increased sympa-
thetic and parasympathetic outflow are mediated). Thus I PTZ appears 
to exert some of its effects by a central action. Other studies have 
shown that PTZ may affect electrolyte metabolism and thus act in this 
manner. 
Bignami et a1. (1966) indicated that sodium and potassium concen-
trations in the brain of rat are increased after PTZ inj ection. Seizure s 
induced by electrical stimulation or PTZ treatment always resulted in 
an increase in intracellular sodium and a decrease in intracellular 
potassium (Colfer & Essex, 1947). Fertziger and Ranck (1970) also 
2 
demonstrated an increase in potassium in the interstitial space during 
epileptiform seizures. Gross and VVoodbury (1972) observed that PTZ 
increased short circuit current (seC) across the toad bladder, an effect 
that was thought to be due to the increased permeability of the serosal 
surface to potassium. In addition, they reported that TMO in the 
Ringer· s solution bathing the serosal surface of the toad bladder blocked 
the response to PTZ. This could be attributed to an effect of TMO to 
decrease the permeability to potassium of the serosal membrane. 
Diphenylhydantoin was shown to increase the permeability of the frog 
skin to sodium ("'Natson and Woodbury, 1972, and de Sousa and Grosso, 
1973) . 
In view of the reported effects of certain anti convulsants on ion 
movements and to antagonize some effects of PTZ, it was of interest to 
study the effects of TMO and ethosuximide, both effective against 
absence (petit mal) epilepsy in man and PTZ seizures in animals I on ion 
distribution in the toad bladder in the presence and absence of PTZ. 
Because of the anatomical complexity of the central nervous 
system, including the presence of the blood brain barrier, it is difficult 
to study the effects of drugs on electrolyte regulation by cells of the 
mammalian central nervous system. Consequently I the isolated toad 
bladder was used as a less complex and more discrete system to 
evaluate the effects of drugs on ion movements across cell membranes. 
METHODS 
f;eneral experimental 12..focedures. Experiments were performed 
on the urinary bladder of large, rna toads (Bufo rnarinus) whi ch were 
kept in a box containing moi stened sand at room temperature. After the 
animal was pithed, one lobe of the urinary bladder was quickly dis sected 
and transferred to normal Ringer- s solution of the following composition: 
90 mM NaCl, Z5 mM NaHC031 3 mM KCl, 1 mM CaClz, 0.5 mM MgClZ I 
0.5 mM KH2 P04, and 5.5 mM glucose. The total osmolarity was 
248 mOsm. The half bladder was mounted between a pair of modified 
Lucite chambers similar to those described by Sharp & Leaf (1964). 
Each chamber was divided by a vertical bar which separated the half-
bladder into two quarters. One quarter bladder was used as the control 
while the other was used to study the effects of the altered concentration 
of potassium and/or the various drugs. The technique used for measuring 
short circuit current (SCC) and potential difference (PD) was that 
described by Ussing & Zerahn (1951) as modified by Gross & Woodbury 
(1972). The chamber on each side of each quarter bladder was filled 
with 4 ml of Ringer's solution which was aerated and stirred by bubbling 
through it a mixture of 3% C02 and 97% 02' The final pH of the solution 
was 7.8. The total exposed area for each surface of the quarter-
bladder was 3.5 cmZ. 
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The experiments were two basic types. In the first, the effects 
on SCC of replacing various concentrations of potassium bathing the 
serosal surface of the experimental bladder with normal Ringer's 
solution were studied. After the SCC across the control and the 
experimental bladder achieved steady- state conditions, the Ringer's 
solution was removed simultaneously from both sides of both bladders 
and replaced with new Ringer's solution in all chambers except that on 
the serosal side of the experimental bladder. One of several concen-
trations of potassium in Ringer's solution (28 mM, 60 mM, 118.5 mM) 
was placed on the serosal side of the experimental bladder. The 
composition of the high potassium solution was the same as the normal 
Ringer's solutiol1 described above except KCl was substituted for NaCl 
to provide the desired concentration of potassium. After a new steady 
state was achieved I the fluid in all four chambers was replaced with 
normal Ringer's solution. SCC and PD were monitored every 10 minutes 
throughout the experiment except during the period when SCC was 
changing rapidly, at which time more frequent measurements were made. 
In the second series of experiments the effects of PTZ, TMO, and 
ethosuximide were studied in the sy'stem described above in the presence 
of normal Ringer's solution or with a high potassium concentration 
(60 mM). In the experiments in which the objective was to measure 
the effects of the drugs on bladders exposed to a high potassium con-
centration I the serosal sides of the control and the experimental bladder 
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were exposed to high potassium (60 mM) but the drug was present only 
in the solution bathing the appropriate side of the experimental bladder. 
In all experiments, vvhen it was necessary to change the solution 
bathing a bladder the solutions on both sides were removed and replaced 
simultaneously to minimize the effects of stretching the bladder due to 
unequal pressure on the two sides. 
Calculations. Since the SCC of the toad bladder varied signifi-
cantly among toads I with the season I and even between quarters of the 
same bladder I it was necessary to express the magnitude of the e cts 
of the various treatments on the sec a s a percent of the initial steady-
state sec. Preliminary experiments were done to establish the validity 
of expressing the change in see in response to washing with Ringer's 
solution or with high potassium solution as a percent of the initial 
steady-state sec. 
Drug preparation. PTZ was obtained from Knoll Pharmaceutical 
Company, Orange I New Jersey; TMO I from Abbott Laboratories I North 
Chicago, Illinois; ethosuximide, from Parke, Davis & Company, Detroit, 
Michigan. 
The drugs were dis solved in Ringer's solution in the raUo of 1:2 
(PTZ) or 1: 18 (TMO I ethosuximide), wt. to vol., so that small quanti tie s 
(10-400 microliter) of the stock solution could be added to the solution 
bathing the membrane without appreciably altering the volume in the 
chamber. In all experiments a comparable volume of Ringer's solution 
was added to the control bladder. The final pH and osmolarity of the 




The effects of replacing the bathing medium. Studies were con-
ducted to evaluate the effects of merely replacing the bathing solution 
on both side s of the toad bladder with fluid of the same composition. 
Fig. 1 shows the typical response of a control bladder. The preliminary 
observations were achieved with normal Ringer's solution bathing both 
surfaces of the control toad urinary bladder. After an initial steady-
state sec was obtained (A & B) I the bathing medium was simultaneously 
removed from bC'th side s of the control bladder and re pIa ced by norma I 
Ringer's solution (A). The sec promptly decreased and subsequently 
returned approximately to the initial steady-state value (C). (This 
procedure was repeated on the same bladder with invariably comparable 
results.) Within a few minutes, the experimental bladder was treated 
in a manner similar to that of the control bladder except that the Ringer's 
solution on the serosal surface was replaced by a modified Ringer's 
solution containing a greater concentration of potassium (B, fig. 1). 
In a representative experiment I as shown in fig. I, the modified Ringer's 
solution bathing the serosal surface contained 60 mM potas sium. 
Treatment with this high potassium solution reduced the sec by an 
amount greater than that observed across the control bladder when the 
replacement fluid was normal Ringer's solution. Fig. 1 also shows the 
Fig. 1. A typical example of the effects on sec of replaci ng the 
bathing solution on both surfaces of the control toad bladder 
(Control) with Ringer's solution (A) compared to the experimental 
situation (Experimental) in which the serosal media was 
replaced with 60 mM potassium solution and the mucosal media 
with Ringer's solution (8). Both the control and the experimental 
SCC decreased precipitously with the latter decreasing more than 
the former. The control SCC tended to return to the ini tia 1 value (C) 
whereas the experimental sec did not return to the initial value (D). 
When the new steady-state condition was achieved I all media 
bathing the tis sue s were replaced with new Ringer's solution on both 
sides (C and D). The control SCC decreased (C) again as at A while 
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effect on see of the subsequent replacement of the high potas sium 
solution bathing the serosal side of the experimental bladder and the 
simultaneous change of the normal Rir.ger ' s solution bathing the other 
surface. The typical decrease in see was again observed when 
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the Ringer's solution bathing both stdes of control bladder was changed 
(C). However I the response to removing the high potassium solution 
from the experimental bladder was a marked increase in sec followed 
by a sharp decrease (D). 
The mean re sponse of the control and the bladder treated with 
60 mM potassium is shown in fig. 2. The open bars show the responses 
of the control bladder. The see decreased by 39% ! 3.6 (open bar A) 
of the previous: nitial steady-state sec when the Ringer's solution 
bathing both surfaces of the tissue was changed. At the same time I 
when 60 mM potassium was placed on the serosal surface and Ringer's 
solution on the mucosal side of the experimental bladder I the see was 
reduced by 72.3% ± 2.1 (cross-hatched bar B). When all the bathing 
media (normal Ringer's solution and 60 mM potassium solution) were 
again replaced by new normal Ringer's solution on both sides I the con-
trol bladder exhibited the typical de~rease in sec (36.5% :t" 2 .9 , open 
bar e I of the initial steady state SeC) for the second time while the 
sec acros s the experimental bladder increased by 67.9% ! 6.4 (cross-
ha tched bar D) . 
The decrease in sec associated with replacing the normal Ringer's 
solution was not related to whether the new solution had been previously 
11 
Fig. 2. A summary of the effect of changing the bathing solution on 
see. The change in see is expressed as a percent of the initial 
steady-state see of the toad bladder. In this and subsequent figures 
of this type, the open bars (A & e) represent the control values I the 
cross-hatched bars (B ,~ D) the experimental values I and the number 
in the parenthe sis indica tes the number of observations. A I B I e I 
D show the mean value observed for the response as described in 
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aerated with C02 and 02; in both situations the degree of depression of 
the sec I the time for recovery and the new steady state values were not 
different. 
In fig. 3 the regre s sion li ne s show that under a variety of condi-
tions the absolute change in sec was proportional to the initial steady-
state sec. These conditions include the replacement of the Ringer's so-
lution bathing both surfaces with new Ringer's solution (3A) I replacement 
of the Ringer's solution bathing the serosal membrane with 60 mM potas-
sium solution (38) I replacement of the 60 mM potassium solution with 
normal Ringer's solution (3e), and the washout of the 60 mlvI potassium 
solution that contained PTZ (l0 mM) with normal Ringer's solution (3D) . 
In all four conditions it can be seen that the magnitude of the change 
in see I in ~A, is proportional to the initial steady-state sec. 
Replacing the high potassium solution and the effects of PTZ ... 
The effects of three different concentrations of potassium (28, 60, 118.5 
mM) in Ringer's solution on the increase in see produced by replacement 
of the high potas sium solution with normal Ringer's solution are shown 
in fig. 4 (dashed line). It can be seen that the maximal increase in 
see (67.9% :!:' 6.4, N=17) followed the replacement of 60 mM potassium. 
The effect of PTZ (10 mM) on this recovery process after exposure 
to high potassium solution is also shown in fig. 4 (solid line). PTZ 
had no effect on the response to replacement of 28 or 118.5 mM potas-
sium solution. However, PTZ enhanced the increase in see after 
removal of the 60 mM potassium solution. The total increase in sec 
Fig. 3. The correlation between the initial steady-state baseline 
SCC and the absolute change in SCC after (A) replacing Ringer's 
solution with Ringer's solution, (B) replacing Ringer's solution with 
14 
60 mM potassium solution, (C) replacing 60 mM potassium with 
Ringer's solution, and (D) replacing 60 mM potassium and PTZ (10 mM) 
with normal Ringer's solution. The absolute changes in SCC in these 
figure s are expre s sed as SCC (!-LA) /3 .. 5 cm2 . 
A. n=32; Y= 3. 7 . 7 3 + O. 5 1 X; r= 0 .. 3 0; p< 0 • 1 ; 
B. n=78; Y= 1 0 .. 11 + O. 53X; r= 0 • 95; p< 0 .. 001 ; 
C. n=17; Y= 3 2 • 01 + O. 3 OX; r= 0 • 83; p<O. 001 ; 
D. n=25; Y=lO .. 70 + 0.63X; r=0.80; p<O.OOl. 
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Fig. 4. The effect of replacing normal Ringer's solution with three 
solutions containing increased concentrations of potassium with 
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CONCENTRATION OF POTASSIUM (mM) 
was 86. 7% ± S. 6. Thus the dIfference in effect between replacing 
60 mlVl potassium with and without PTZ present I namely I 86.7% vs 
67 . 9% I or 18.8% I was produced by PTZ. 
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TMO in Ringer's solution. If/hen the steady state was reached with 
Ringer's solution bathing both sides of the membrane I the addition of 
TMO (10 mM or 40 mM) to the media bathing either the mucosal or 
serosal surface had no effect on see. These results agree with those 
of Gross & Woodbury (1972) in that TMO alone had no effect on sec. 
However, it diminished the response to PTZ when present in the Ringer's 
solution bathing the serosal surface. 
TMO jn high potassium solution. A typical example of the effects 
of TMO on sec in the presence of 60 mM potaSSium is shown in fig. 5. 
The small decrease in see following the addition of TMO is typical 
although not always observed. The increase in sec that re sulted from 
replacing the serosal medium (60 mM potassium plus TMO I 10 mM) 
with Rtnger's solution (A) was small when compared to the re sponse of 
the control bladder. This difference in effect on sec was due to TMO. 
The mean effect of TMO in this system in 6 experiments is shown 
in fig. 6. The mean increase in sec after the 60 mM potassium solution 
and TMO (10 mM) were removed and replaced with Ringer's solution was 
39.6% ± 9.5 of the initial sec (cross-hatched bar D) whereas the re-
sponse of the control bladder was 62.6% ':t 8.2 (open bar C) . 
The effects of TMO on sec in the presence of PTZ. Since TMO 
decreased the response to washing out the 60 mM potassium solution 
19 
Fig. 5. A typical example of the effects of TMO (lo mNl) in the 60 mM 
potassium solution on th8 sec subscquent to the return to Rjnger's 
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Fig. 6. The percent change in sec after the replacement of the 
60 mM potassium solution that contained TlvlO I 10 mM I (bar D) and 
without TMO (bar C) with normal Ringer's solution (p<O. 00l). Bars 
A and B show thA effects of the initial exposure to 60 mM potassium 
solution of the control bladder (bar A) and the experimental bladder 













and PTZ increased the washout response, the effects of TMO on the PTZ 
response in high potassium medium subsequently washed with Ringer's 
solution was investigated. T1v10 (40 m1v1) partially blocked the response 
to PTZ (10 mM) in this system. A typical example of this effect of T:NIO 
(40 mM) on the sec response in the presence of PTZ is shown in fig. 7. 
It can be seen that the PTZ response in the TMO-treated bladder was 
much smaller than the PTZ response in the control bladder. A lower 
dose of T:rv10 (20 mIvn had li ttle effe ct on the PTZ re s ponse . 
Fig. 8 shows the antagonism of PTZ (10 mM) by TMO (40 mM) in 
8 experiments. The control response (90.7% :t 12.7, bar e) was 
reduced by TMO (40 mM) to 66.5%:t 12.1 (bar D). 
Ethosuximide in Ringer's solut!on bathing either side. Ethosuxi-
mide I an agent effective against PTZ-induced convulsive seizures I 
was studied in this system and its effectiveness compared with that of 
TMO. Ethosuximide (20 mM) induced a significant increase in sec when 
placed in normal Ringer's solution bathing either the mucosal or the 
serosal surface. The time course of the effect of the drug on the sec 
when present in the mucosal (A) or the serosal (8) medium is shown in 
fig. 9. This effect was different from that produced by TMO (10 mM or 
40 mM) which had no effect on sec when added either to the mucosal or 
the serosal medium. 
Ethosuximtde in high potassi urn medium. Ethosuximide (20 mM) 
was placed in the 60 mM potassium solution bathing the serosal surface 
and subsequently washed with Ringer's solution. Fig. 10 shows that 
Fig. 7. The antagonism of PTZ (10 mM) by TMO (40 mlv'I) in 60 mM 
potassium solution bathing the serosal surface and subsequently 
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Fig. 8. A summary of the effects of TMO (40 mM) on the PTZ-
stimulated (10 mlv1) increase in sec following the replacement of the 
60 mM potassium solution with Ringer's solution. Bars A and B show 
the percent decrease in sec as a result of replacing the Ringer's 
solution on the serosal surface with 60 mM potassium solution on the 
control and the experimental bladder I respectively. Bar e shows the 
percent increase in see after replacement of PTZ (10 mM) and the 60 
mM potassium solution. Bar D shows the effect of the presence of 











Fig. 9. The re sponse of the see to the addition of ethosuximide 
(20 mM) to the Ringer's solution bathing either the mucosal (A) or 
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Fig. 10. The effect of ethosuximjde (20 mM) on the see after 
replacing the 60 mM potassium solution with Ringer's solution. 
Bars A and B represent the response to replacing the serosal Ringer's 
solution with 60 mM potassium solution. The difference between bar 








in the ethosuximide-treated bladders the increase in sec was only 
43.1 % :t 8.6 (bar D), an jncrease only about one-half that measured 
in the control, 88.2 % -:t 11 .6 (bar C) . 
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Antaqoni sm of PTZ bv ethosuximide. A typical experiment is repre-
sented in fig. 11 which show s the effects of ethosuximide. The sec 
began to decrease shortly after the addition of ethosuximide (A) to the 
60 mM potassium solution that contained PTZ (10 mM) bathing the 
serosal surface. The usual increase in sec in response to replacing the 
60 mM potassium and the PTZ with normal Ringer's solution was also 
reduced by ethosuximide (B). 
A summary of the results of such experiments (fig. 12) shows that 
ethosuximide, 20 m:tvl and 40 mM, dimini shed the response to PTZ on 
sec to the same extent. 
Effects of ethosuximide in Ringer's solution bathing the mucosal 
surface with 60 mIvT potassium solution bathing the serosal surface. 
These experiments differed from those just described in that the drug 
was added to the normal Ringer's solutlon bathing the mucosal surface 
rather than to the high potassium solution bathing the serosal surface. 
The sec increased immediately and then gradually returned to a new 
steady state apprOXimating the baseline sec. After replacement of all 
solutions with new normal Ringer's solution, the ethosuximide -treated 
bladder showed only a modest increase in sec compared to the control 
bladder (fig. 13). A summary of these observations is shown in fig. 14. 
When ethosuximide (20 mM) was added to the normal Ringer's solution 
Fig. 11. Th£ 
(10 mM) inerc;. 
solution (B). 
33 
.:.:t of ethosuximide (40 mM) on the PTZ-enhanced 
in see following replacement of the 60 mM potassium 
a shown is the decrease in sec following addition 
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Fig. 12. A summary of the inhibition by ethosuximide (20 mM, D and 
40 mM , D') of the PTZ-enhanced (10 mM) increase in see after 
replacing the 60 mM potassium solution with Ringer's solution. 
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Bars A, AI and B, S' show the effect of placing 60 mM potassium 
solution on the serosal surface of the control (A, A') and the experi-
mental bladder (B, B'). Bars e and e ' show the response to replacing 
the 60 mM potassium solution plus PTZ (lo mM) with Ringer's solution 
as the control for the effects of ethosuximide (20 mM I bar D and 
40 mM, bar D') on the PTZ effect on see following replacement of 














Fig. 13. Ethosuximide (20 mlv1) was placed in the Ringer l s solution 
bathing the mucosal surface (B) while the serosal surface was bathed 
by 60 mM potassium solution (S), and subsequently replaced by Ringer's 
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Fig. 14. A summary of the immediate effects of ethosuximide on see 
when placed in the Ringer l s solution bathing the mucosal surface while 
the serosal surface was bathed by 60 mM potassium solution and when 
the bladder was subsequently washed with Ringer l s solution. The 
ethosuximide (20 mM) produced an increase in see (bar B) when first 
added to the bath compared to no response in the control bladder (A) . 
After replacement of the solution bathing the control and experimental 
bladders with Ringer's solution I the see acros s the control showed 
the typica 1 increase I bar e I while ethosuxirrlide decreased the 
response I bar D. 
40 
+120 
bathing the mucosal surface and when the serosal side was bathed in 
60 mM potassium, a 37.4% :: 2.9 increase in sec was observed 
(difference between bars B and A). After replacement of all solutions 
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with new normal RingerS s solution I the mean increase in sec of the exper-
imental bladder was 33% :t 11.5 (bar D) while the comparable value for 
the control bladder was 75.1 % ± 7 .2 (bar C) . 
r' 
DISCUSSION 
After studying amphibian epithelial cells Frazier (1962 I 1971) and 
Frazier et a1. (1962) concluded that sodium moves into the cells down an 
electrochemical gradient and is subsequently actively transported out of 
the cell by the sodium pump jn the opposite membrane. Finn and Nellans 
(1972) reported that the serosal surface of the toad bladder had a high 
order of permeability to potassium and that the Na-K pump at the serosal 
border eXhibi ted a 1: 1 ratio for Na - K exchange. 
Woodbury (1969) showed that the anticonvulsant I diphenylhydantoin I 
altered ion metabolism in t he mammalian eNS and \Vatson & Woodbury 
(1972) and de Sousa & Grosso (1973) reported that diphenylhydantoin 
also increased the permeability of the external surface of frog skin to 
sodium. Thus the relatively simple isolated toad bladder system seemed 
to provide an appropriate model for studying the mechanism of action of 
TMO, effective against PTZ-induced seizures and useful in the treatment 
of absence (petit mal) seizures I and ethosuximide I also useful in the 
treatment of absence l on ion distribution and permeability. 
PTZ has been shown to increase see when placed in the Ringer's 
solution bathing the serosal surface of the toad bladder, and TMO blocks 
this response to PTZ (Gross and Woodbury I 1972). The increase in see 
caused by PTZ was thought to be due to an increase in the permeability 
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of the epithelial cells of the toa.d bladder to potassium. In the present 
experiments PTZ and a high potassium medium been used to a r 
basic bladder function so that some of the effects of TMO and ethosuxi-
mide might be more apparent. Bathing serosal border with a high 
potassium solution would be expected to attenuate the electrochemical 
gradient favoring the diffusion of potas sium out of the cell into the sero-
sal medium. This would also be expected to reduce the net movement of 
cations acros s the bladder and thus reduce the sec. Replacing the 
Ringer's solution bathing the serosal surface with a high potassium 
solution did in fact result in a rapid decrease in sec. Replacement of 
the serosal medium by potassium-free solution also causes a decrease 
in the sec and this response was explained by Hays and Leaf (1961) to 
be due to the inhibitory effects of the low potassium concentration 
medium bathing the serosal surface on the mucosal permeability to 
sodium. However I the effects of changing the normal Ringer's solution 
bathing both surfaces of the bladder with new Ringer's solution of the 
same composition on sec are not generally apparent in the literature. 
Thus I it was essential to establish the effects of merely changing the 
Ringer's solution on both sides of one quarter-bladder as a control for 
changing the media bathing the experimental ti ssue. 
The observation that every time the normal media was changed the 
sec decreased promptly and reproducibly and gradually returned to con-
trol value was unexpected. In view of the nlarked decrease in sec across 
the control bladder as a result of replacing the Ringer's solution I it 
44 
was of interest to ascertain whether the degree of aeration of the 
Ringer r s solution fore exposure to the bladder was responsible for the 
decrease in sec since Ess {l965} had shown that anaerobiosis 
decreased sodium transport acros s the toad bladder under certain con-
ditions. It was found that the difference in the 02 and C02 tension of 
the new and the old media was not responsible since gassing the new 
media prior to exposure to the bladder did not alter the response.· Other 
possible explanations of this phenomenon which have not been evalu-
ated might include the washout of factors essential.for metabolism on 
or adj ace nt to the surface of thi s ti s sue I or the very brief exposure of 
the urinary bladder to air while changing the Ringer's solution. 
The change to a high potassium solution on the serosal surface 
caused a prompt decrease in sec and the new steady-state value that 
was subsequently attained was well below the baseline initial sec. This 
was in contrast to the response to replacing the normal Ringer's solution 
with fresh Ringer's solution which resulted in a smaller decrease in 
see and a return to a new steady state approximately the same as the 
initial steady-state value. This larger decrease in see was ascribed 
to the effect of the high potassium solution bathing the serosal surface 
to reduce the rate of extrusion of potassium from the epithelial cell. 
When the high potassium solution was subsequently removed and 
replaced by normal potassium Ringer's solution I the sec increased 
immediately to a va lue usually greater than the initial baseline see. 
This transient increase in see is thought to be due to the rapid efflux 
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of potassium from the cell. Therefore, the total effect on sec of 
replacing with Ringer l s solution following exposure to the 60 mIVl 
potassium solution would be the algebraic surn of the increase of the 
experimental bladder sec and the decrea se of the control bladder sec. 
Since the decrease in see after changing the Ringer ' s solution of the 
control preparation was fairly constant, it was not necessary to take 
this into account in evaluating the effects of replacing various concen-
trations of potassium with Ringer's soluUon. 
Hong et a1. (1968) and Hall (1973) reported that the response of 
the see across the frog skin to drugs varied with the season. The toad 
bladder closely resembles the frog skin in the variability of sec with 
seasonal change and it also varies between indiVidual animals and even 
between quarters of the same bladder. Thus, in order to make meaning-
ful comparisons of the accumulated data, it was necessary to ascertain 
a basis for such comparison that was not affected by such variations. 
It appeared grossly that the magnitude of the obseIVed changes in 
sec were related to the value of the initial sec. Thus, the relation-
ship between the initial steady-state baseline see and the absolute 
decrease in sec after replacing the normal Ringer- s solution or the 
high potassium solution and the increase in sec following the 
exposure to 60 mM potassium solution, with and without PTZ (10 mlvl) I 
and the replacement with normal Ringer J s solution was plotted as 
shown in fig. 3A, B, C, D. The regression lines show that the 
magnitude of the absolute response of sce after various treatments 
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is proportional to the initial sec _ Therefore I changes in see in 
response to the various treatments are expressed as a percent of the 
initial steady- state sec. 
Bricker et al._ (196 ) demonstrated in 11 of 21 experiments that 
exposure of frog skin to a high potassium solution on the internal sUr-
face and then washing with sodium Ringer's solution caused the sec to 
overshoot the control value. In the other 10 experiments the see drifted 
down. In view of these observations the relationship between the 
responses to various concentrations of potassium solution (28 mM., 60 
mM, 118.5 mNl) and their subsequent replacement with normal Ringer's 
solution on the magnitude of the increase in see was inve stigated. The 
effect on sec was greatest following exposure to the 60 m1:v1 potassium 
solution and washing with Ringer's solution (fig. 4). When the concen-
tration of potassium in the bathing medium on the serosal surface is 
increased to 60 mM, the electrochemical gradient for potassium 
between the intracellular and extracellular fluid is markedly reduced. 
Thus, if the pumping of potassium into the cell continue s concomitantly 
with a decreased potassium gradient out of the cell, potassium would 
be expected to accumulate intracellularly. When the high potassium 
soluUon is replaced by normal Ringer's solUtion, a rapid efflux of 
potassium from the cell would be expected to produce a marked 
increase in sec. Because the 60 mM potassium solution gave a maxi-
mal response, that concentration of potassium was used in all 
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experiments to study the effects of drugs in a high potassium medium. 
The basis for the absence of a si9nificant refjpOnSe to the lovver 
(28 m:rv1) and higher (l18. 5 mI'vn potassium concentration is unclear. 
There are at least three possibilities for eliciting an increase in 
see in epithelial cells. 0) Increase the mucosal membrane pcrme-
abili ty to sodium which, in turn I will s peed up the sodium pump. For 
example, ADH (Frazier et aLi 1962), aldosterone (Sharp & Leaf, 1964) 
and diphenyJhydantoin (Watson & Woodbury I 1972) appear to vvork in 
this manner. (2) Directly stimulate the sodium pump at the serosal 
surface as does insulin (Herrera I 1965). (3) Increase the potassium 
pem1eability and transport at the serosal surface. PTZ has been 
reported to affect the bladder in this way. In the pre sent experiments 
PTZ (10 mlv1) in 60 mM potassium medium bathing the serosal border 
enhanced the increase in see after replacement with Ringer's solution. 
Gross and Woodbury (1972) also demonstrated that PTZ caused an 
increase in see when placed in the Ringer's solution bathing the 
serosal surface. Both experiments support the concept that PTZ 
increases potassium permeability at the serosal site and thus produces 
an increase in see. 
TMO (lO mM or 40 mM) added to the Ringer's solution bathing 
either the mucosal or the serosal surface caused no significant change 
in see. This observation suggested that it neither increased the 
mucosal permeability to sodium nor stimulated active sodium transport 
at the serosal site. However 1 TMO in the serosal Ringer's medium 
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blocked the response to PTZ, an observation which indicated that TMO 
may exert its effect by decrea sing the potas 5 ium penneabili ty of the 
serosal surface of the toad bladder. This ",;ould explain the antagonism 
of the PTZ effect by T1\'10. 
As noted above, PTZ enhanced the increase in see after exposure 
to a high potassium solutionbathing the serosal surface and subsequent 
replacement with Ringer's solution. Experiments were done to ascertain 
the effect of TMO on this response. It is of interest that TMO (10 mM) I 
when present in the 60 mM potassium solution bathing the serosal sur-
face which ';.,vas subsequently replaced by Ringer's solution, produced 
a decrease in see. In addition, TMO (40 mM) blocked the response 
to PTZ after changing from 60 mM potassium solution to Ringer's solu-
tion bathing the serosal border. These data provide additional support 
for the suggestion that TMO reduces the potassium permeability at the 
serosal surface of the toad bladder (Gross & Woodbury, 1972). 
Ethosuximide (20 mM), when added to the Ringer's solution bath-
ing either the mucosal or serosal surface I caused a transient increase 
in see. This suggests that ethosuximide might enhance sodium perme-
ability at a mucosal site which would thereby stimulate the sodium 
pump, act directly to stimulate the Na-K pump from the serosal surface I 
or increase potassium permeability across the toad bladder. Experi-
ments were done to establish whether ethosuximide acted via the last 
mechanism I namely, increased potassium permeability of the serosal 
membrane. It was observed that when ethosuximide (20 mM) was 
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pipetted into the 60 miv1 potassium medium bathing the serosal surface 
and subsequently washed with Ringer's solution I the normal increa se in 
sec was reduced. This nee doe s not support the concept that etho-'" 
suximide increases the potassium permeability at the serosal site. 
Furthermore I ethosuximide diminished the PTZ re sponse to some extent 
when the bladder was washed with Ringer's solution following exposure 
to 60 mM potassium solution. This observation provides further evi-
dence that ethosuximide decrea sed rather than increased the diffusion 
of potas sium from inside the cell to the serosal medium. 
In order to investigate further the possible mechanism of action 
of ethosuximide in this system, ethosuximide (20 mM) was added to the 
Ringer's solution bathing the mucosal side, while the serosal surface 
was bathed by 60 mM potassium medium. Ethosuximide still caused 
an increase in see even though the electrochemical gradient for the 
diffusion of the potassium into the serosal medium was partially blocked 
by the high potassium solution. These data support the possibility 
that ethosuximide increases the mucosal permeability to sodium which 
then speeds up the sodium pump at the serosal surface of the toad 
bladder. Subsequent replacement of the serosal bathing medium of the 
experimental bladder with normal Ringer's solution produced a much 
smaller increase in see than that of the control bladder (fig. 14). 
It is probable that ethosuximide diffu sed from the mucosal side acros s 
the mucosal membrane to the serosal membrane and decreased the 
permeability of the serosal membrane to potassium. 
CONCLUSIONS 
When the serosal surface of the toad bladder was exposed to the 
60 mM potassium solution and this solution was subsequently replaced 
with normal Ringer's solution the sec increased immediately by an 
amount equal to 67.9% of the control value. When PTZ was added to 
60 mM potas sium solution under the same condition the sec was further 
increased to 86.7%. These data supported the conclusion of Gross and 
Woodbury (1972) that PTZ increa the potassium permeability at the 
serosal surface of the toad bladder. TMO partially blocked the normal 
increase and the PTZ-enhanced increase in sec washing with 
Ringer's solution following exposure to 60 mM potas sium solution. These 
observations suggest that TMO decreases the serosal permeability to 
potassium. 
Ethosuximide produced a transient increase in sec when added to 
the Ringer's solution bathing either the mucosal or the serosal ::3urface. 
This observation is compatible with an action of ethosuximide to increase 
the sodium permeability at the mucosal surface and thus stimulate the 
sodium pump. Further evidence for this action of ethosuximide was 
obtained when the drug was added to the Ringer's solution bathing the 
mucosal surface while the serosal surface was bathed by the 60 mM 
potassium solution. An immediate increase in sec was observed. This 
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time course suggests an effect of the drug on the mucosal surface, 
pos sibly to increase sodium permeability and thereby speed up the 
sodium pump. However I when the high potassium medium bathing the 
serosal surface was replaced by normal Ringer's solution the magnitude 
of the increase in sec was reduced compared to the control response. 
This suggests an effect of ethosuximide on the serosal surface, probably 
to decrease potassium permeability even though the drug was present on 
the mucosal surface. When ethosuximide was added to the 60 mM 
potassium solution bathing the serosal surface, with or without PTZ 
present, and subsequently replaced by normal Ringer's solution the 
normal sec response was diminished. This evidence also suggests that 
ethosuximide decreased the serosal permeability to potassium. 
Thus it would appear that both TMO and ethosuximide affect the 
toad bladder by decreasing the permeability of the serosal membrane 
to potassium and in addition ethosuximide probably has an effect on the 
mucosal membrane to increase its permeability to sodium. 
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